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Abstract The origin of stress voiding in heat-treated Cu thin films was investigated in relation to
microstructure. Voids were observed at the intersections of twins with grain boudaries or with other
twins. Twin interfaces were accompanied by stress concentration due to the elastic anisotropy.
Stress concentration was found to act as a driving force for stress voiding. Twin formation and
associated void formation could be avoided by controlling the film texture. Texture transition from
(111) to (100) was observed in heat-treated films with increasing the film thickness from 200 nm to
300 nm. The (100) oriented films did not show any voids or hillocks. The excellent stress-migration
resistance in the (100) oriented films could be attributed to the absence of twins and by small
thermal stresses.
INTRODUCTION
For interconnect application of Cu thin films, stress migration is a major reliability
problem during processing at elevated temperatures. The most prominent stress-migration
failure for Cu is void formation [1 -5]. In the case of traditional interconnect lines of Al alloys,
the stress migration problem can be alleviated by choosing proper alloying elements and
sharpening the (111) texture [6, 7]. However, the use of Cu is motivated by its lower
electrical resistivity than Al to reduce resistance-capacitance delay. The resistivity issue
becomes increasingly important with decreasing the line width. Then, alloying of Cu increases
resistivity and may not be practical for device application. On the other hand, the importance
of the texture has been widely recognized in Al interconnects. The effects of film texture on
stress voiding, however, has been investigated only briefly [1-4] and are open questions for
the reliability of Cu interconnect.
In this paper, we intended to provide new insights on stress voiding in relation to
microstructual features and to crystallographic texture. The work is focused on characteristic
properties of Cu: the large elastic anisotropy ( 2C44/Cn-Ci2= 3.2 for Cu and 1.2 for Al)
and the easy tendency of twinning. The first part of the paper shows that voids are formed at
the corners of incoherent twins driven by thermal stress concentration. The second part
shows that (100) oriented films are significantly resistant to stress voiding while (111) oriented
films are vulnerable.
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EXPERIMENTAL PROCEDURE
Samples presented for the former part of the result section are electroplated Cu thin films
having a thickness of 900 nm. Substrates were Ta 20 nm / SiO2 1700 nm / Si. A Cu seed
layer for electroplating was formed by sputter deposited to a thickness of 50 to 100 nm,
following a procedure described in Ref [8]. The samples were kept at room temperature for
more than a month, so that, the microstructure at room temperature was stabilized by so-
called "self annealing". The samples were subject to a heating and cooling cycle between
room temperature and 723 K at a rate of 3.3 K/min in an evacuated chamber. The X ray
difrractometer scans showed only a (111) peak both before and after hear treatment,
indicating a strong (111) texture.
Samples presented in the latter part of the result section are sputter-deposited Cu thin
films on Ta 20nm / Si 500 |im substrates. Sputtered films were employed to better control
the film thickness in a range of 50 nm to 900 nm. The as-deposited films of all examined
thicknesses had a strong (111) texture. The as-deposited films were heated to 723 K, then
cooled to room temperature, using an infrared lamp heater in the sputtering chamber kept at
a pressure of 7 x 10"7 Pa. Heating and cooling rate was 3.3 K/min. The thickness
dependence of film texture after heat treatment was investigated and the effects of the texture
on stress voiding was observed.
RESULTS AND DISCUSSION
Stress Voiding Associated with Incoherent Twins
Figure 1 shows images of the heat-treated samples taken by a transmission electron
microscope (TEM). Some voids are indicated by arrows in the figure. Voids are formed at
the intersections of twins with a grain boundary in (a), and even in the grain interior at the
intersections of twins with other twins in (b). The void-related twins are characteristics for Cu
and have never been observed
in Al. The paper, thus, pays
special attention to the twin-
related voiding. A possible
origin of the twin-related
voiding can be understood in
terms of stress concentration
caused by the anisotropy of
elastic moduli. During heat
treatment, thermal strain arises
in an isotropic manner in an
FIGURE 1 TEM images of voids formed at the intersections
of (a) twins with a grain boundary and (b) twins with other
twins.
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entire film volume. Because of the orientation differences between twins and their
corresponding matrix, elastic moduli for a given strain are also different. This gives rise to
variation in thermal stress. In order to satisfy boundary conditions, stress concentration arises
at the interface between twins and matrices, acting as a driving force for void formation. This
argument is confirmed by calculating stress distribution using a finite element method in
combination with TEM orientation analysis of actual twins and matrices. Details for
calculation and TEM analysis can be found in Ref. [5].
Figure 2 shows representative examples of more than 10 each cases of voided and
unvoided regions including twins and grain boundaries. The left column is for an unvoided
region and the right column is for a voided region. TEM images are placed on the top; shear
stress (<Ti2) distribution in the middle; and tensile stress (a22) distribution is on the bottom. In
the figures, rectangles are twins and vertical lines are grain boundaries. Clear relationship can
be found between the extent of stress concentration and the void formation tendency. This
relationship is valid for all the analyzed regions of the (111) oriented films.
FIGURE 2 Stress distribution of the
unvoided region A and the unvoided
region B.
Figure 3 shows a typical type of twin interfaces in the (111) oriented films. The orientation
of the cubic principal axes of twins and matrices are analyzed by TEM Kikuchi diffraction
technique and a typical result is shown in a stereographic projection. A twin plane should be
a mirror plane for the twin and the matrix, as indicated by a dotted line with some
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<001
experimental error. The index of the twin
plane is found to be a {322} plane. This
index seems odd for a twin plane index of fee
crystals. However, it has been shown in
calculation and bicrystal experiment that the
{322} twins can exit in a metastable
condition at 8 degrees away from the {211}
plane, i. e., symmetric incoherent twin
interfaces [9, 10]. The atomic arrangement of
the {322} twin interface consists of a narrow
slab of the 9R structure ( BCACABABC
stacking instead of ABC stacking of fee) with
a small angle boundary and a large-angle
boundary on each side of the 9R structure [9,
10]. Because of the complicated interface
structure associated with a large-angle
boundary, the properties of the {322} twin n^"and"a matrix^
interfaces are expected to be similar to those
of general large-angle boundaries.
A good agreement is found between the voiding tendency and stress concentration
associated with incoherent twins in the (111) oriented films. However, there is a case in which
no voids are formed, yet twins are observed and stress concentration is calculated [11]. This
case is found in Cu thin films having a mixed texture. A clear difference from the (111)
oriented films is that the twins in the mixed texture are ordinary {111} twins having a coherent
interface structure. In this case, the surface orientation of twins are not (111) but mainly (511)
for the first order twins of (111) grains and (221) for the first order twins of (100) grains.
Second order twins are also observed. Therefore, the distinction of twin type, whether
coherent or incoherent, should be made clearly to find a correlation among voiding tendency,
stress concentration and twins. Possible reasons for the different voiding tendency between
the two films can be attributed to the structural difference of twins. Since the interface energy
and the difrusivity is higher in the {322} twins than in the {111} twins, pit-like voids may
extend easily from the film surface toward the film/substrate interface.
trace of (232)
FIGURE 3 Stereographic projection of the twin-
plane trace and poles of cubic principal axes for a
Annealed Texture and Stress-Voiding Tendency
The macroscopic texture of the heat-treated films was examined by XRD as a function of
film thickness. The volume fraction of the (100) oriented grains was calculated from the
integrated intensity of each peak that was normalized by structure factor, multiplicity factor,
and Lorenz factor. The result is shown in Figure 4 indicating the volume fraction of the (100)
grains versus the film thickness. With increasing the thickness to 200 nm, the film texture after
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heat treatment remains the same (111) texture as in the as-deposited films. With further
increasing the thickness to more than 300 nm, the film texture turns to the (100) texture. The
texture change by heat treatment occurs abruptly at a thickness between 200 and 300 nm.
The formation of the (100) texture by heat treatment has been reported by other researchers
[12-15].
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FIGURE 4 The volume fraction of (100)
oriented grains in heat-treated Cu thin films for
various film thickness.
The 100-nm and 500-nm films are taken as representative cases for the (111) and (100)
oriented films, respectively. Local orientation distribution was investigated by analyzing
electron back scattering patterns (EBSP). A maximum misorientation angle of 15 degrees
was allowed to assign the surface orientation of each grain. Figure 5 shows the distribution of
grain orientations of heat-treated films of (a) 100 nm and (b) 500 nm in thickness. Originally
color-coded orientation images are converted to gray scale images. Grain boundaries are
also indicated by various gray-scale lines according to the type of boundaries. In the figure,
(111) and (100) grains are indicated, respectively, by dark-gray and light-gray contrast. As
seen in the figure, the 100-nm film is dominated by (111) grains. No (100) grains are found in
this film. On the other hand, the 500-nm film is dominated by the (100) grains. Other minority
grains are mainly (111) grains. It can be seen that the grain size distribution of the (100)
oriented film is bimodal, with larger grains having the (100) orientation while smaller grains
having other orientations. The diameter of the (100) grains ranges from 10 to 50 Jim
FIGURE 5 EBSP images of (a) 100-nm thick film and (b) 500-nm thick film after heat treatment.
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In Figure 5, grain-boundary type is also indicated, based on the coincidence-site-lattice
concept. In the (111) oriented film in (a), light-gray lines correspond to S3 boundaries, while
black lines correspond to all other boundary types, mainly general boundaries. It is reminded
that the £3 boundaries that divide two adjacent grains having the same (111) orientation are
incoherent twin boundaries. These boundaries are liable to stress voiding [5]. On the other
hand, in the (100) oriented film in Fig. 2 (b), light-gray lines correspond to small-angle
boundaries with misorientation angles of up to 15 degrees. Black lines correspond to other
boundary types, including both special and general boundaries. The E3 boundaries are rarely
found in this film, indicating that the (100) grains are free from twins. The majority of the grain
boundaries of (100) grains are either small-angle or special boundaries with S values of less
than 27.
The surface infrastructure after heat treatment is shown in Figure 6 (a) for the (111) film
of 100 nm thickness and in (b) for the (100) film of 500 nm thickness. Severe voiding and
some hillocks are observed in the (111) film. On the contrary, only a few voids, hillocks and
shallow grain-boundary grooves are observed in the (100) oriented film. Although not shown
here for a limited space, high-magnification SEM images of the (100) grains show flat surface
without any flaws. The location of the voids and hillocks in the (100) film coincides with the
area where small (111) grains are found. This indicates that the (100) grains are highly
resistant to stress-migration failure. It is noted that the stress migration resistance of the (100)
film remains the same by further thermal cycling up to the maximum examined number of
three times.
FIGURE 6 SEM images of (a) 100-nm thick film and (b) 500-nm thick film after heat treatment.
The present work shows clear transition of annealed texture from (111) to (100) at a
thickness of 200 to 300 nm. This is in agreement with theoretical prediction based on a
strain-energy minimization model [16-19]. One may argue that the electroplated film
maintained its (111) orientation during heat treatment, despite its thickness of 900 nm. The
discrepancy may be caused by the smaller strain-energy driving force in the electroplated film
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than in the sputtered film. In the first, the electroplated film was kept at room temperature for
more than a month, leading to stress relief by self annealing. In the second, the constraint by
the film/substrate interface may be weak in the electroplated film because of the segregation
of Cl and S at the interface [20], It would be interesting to sort these out and examine the
thickness dependence in the electroplated films.
As for stress migration resistance, a striking difference is observed between the (100)
and the (111) oriented films. The (100) films exhibit an excellent stress-migration resistance,
while the (111) films show a very poor resistance. The excellent stress-migration resistance of
the (100) film can be attributed to the absence of twins, the presence of a large number of
special (Z<27) grain boundaries and small thermal stresses. It is not clear in heat-treated Cu
films whether the twins are formed as annealing twins or deformation twins. Whichever is the
twin type, the absence of twins in the (100) film may be related to the lack of the twinning
driving force by a large stress drop upon the formation of the (100) texture [21] and by the
following stress excursion at a low stress level [22]. Conversely, the poor stress-migration
resistance in the (111) film is attributed to the presence of a large number of the incoherent
53 twin interfaces, as shown in Fig. 5 (a). This is consistent with the electroplated (111) film.
These results suggest that a strong (111) texture should be avoided to prevent the formation
of incoherent twins and voids. This finding is in a remarkable contrast with a generally
accepted view of Al thin films in which a strong (111) texture is preferred for stress migration
resistance as well as electromigration resistance [7]. The absence of twins and insignificant
elastic anisotropy make Al thin films exempt from excessive voiding as observed in the Cu
thin films.
SUMMARY
When Cu thin films maintain the (111) orientation during heat treatment, {322} incoherent
twins are formed. Because of a large elastic anisotropy of Cu, the incoherent twins give rise
to stress concentration and void formation at twin corners and intersections. With increasing
the films thickness, under enough biaxial stressed conditions, the texture of heat-treated films
can be changed from (111) to (100). The (100) oriented grains do not contain twins and
show an excellent stress-migration resistance. A giant grain size and a good grain-boundary
character of the (100) grains may also be advantageous for electromigration resistance.
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